ABSTRACT: This paper reports comprehensive characterization and detailed analyses of microporous structure and fundamental gas transport properties for a series of new pentiptycene-containing polyimide gas separation membranes prepared from custom-synthesized pentiptycene-based diamines and 4,4'-hexafluoroisopropylidene bisphthalic dianhydride (6FDA) to identify the molecular origins for fast and selective gas transport. Both experimental characterizations of inter-chain spacing and microporosity and molecular modeling analysis of chain conformations and rigidity suggested that rigid H-shape pentiptycene units effectively disrupted chain packing, resulting in large fractional free volume and consequent high gas permeabilities in these membranes. Atomic-level detection of free volume architecture by positron annihilation lifetime spectroscopy (PALS) analysis revealed a bimodal microcavity size distribution with cavity sizes of d 4 ~ 7-8 Å and d 3 ~ 3-4 Å in this series of membranes. The microcavity size and size distribution were found to be sensitively affected by the substituent groups in the pentiptycene monomer structure based on the mechanism of "partial filling" of internal molecular cavities defined by the shape of pentiptycene units. Analysis of fundamental gas transport properties in terms of diffusivity (D) and solubility (S) coefficients demonstrated that size sieving mechanism © 2016. This manuscript version is made available under the Elsevier user license http://www.elsevier.com/open-access/userlicense/1.0/ (diffusivity contribution) dominates the gas transport in these polymers and bimodal microcavity size distribution with ultrafine microporosity is responsible for the excellent H 2 -related gas separation performance. Superior resistance against physical aging was observed for these high-free-volume polymers, which is ascribed to the stable, configuration-induced microcavity structure constructed by the rigid pentiptycene units.
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Introduction
The use of polymeric membranes for gas separation lends itself to a variety of important industrial applications, such as hydrogen recovery, air separation, natural gas sweetening and carbon dioxide capture, etc., due to their energy efficiency, cost-effectiveness and ease of operation when compared to some traditional separation processes. [1] [2] [3] [4] [5] Generally, ideal gas separation membranes should exhibit high permeability in order to reduce the membrane area and capital cost, as well as high gas selectivity in order to achieve high separation efficiency and gas purity. However, polymeric gas separation membrane materials are always challenged by an inherent tradeoff between permeability and selectivity, as defined by the empirical Robeson's upper bound. [6, 7] This permeability-selectivity tradeoff can be ascribed largely to the limited amount of microcavities and undesired cavity size distribution in the membranes; thus, there is much interest currently in the fabrication of novel polymeric materials exhibiting microporosity with gas transport properties close to or even beyond the upper bounds. [5, [8] [9] [10] [11] Polyimides are among the most studied polymeric materials for membrane gas separation because of their excellent mechanical properties, high thermal and chemical resistance, good solution-processability, and more importantly, high gas selectivities. [1] [2] [3] 12 ] However, gas permeabilities of most common polyimides are relatively low, which limits their practical applications in large-scale gas separation. Therefore, many recent efforts have focused on developing novel polyimide structures with high fractional free volume (FFV) and high microporosity to enable ultrafast gas transport. A notable macromolecular strategy is to introduce bulky building blocks and/or highly contorted linkages into polyimide backbones to effectively disrupt chain packing leading to (ultra)microporous polymer membranes with large fractional free volume. [13] [14] [15] [16] [17] [18] [19] For instance, rigid and bulky spirobifluorene moieties, [16] [17] [18] as well as pendent phenyl structures, [19] were incorporated to inhibit tight chain packing and increase the fractional free volume leading to improved gas permeability.
More recently, polyimides with intrinsic microporosity (PIM-PIs) [10, [20] [21] [22] [23] and polyimides incorporating Tröger's base [24, 25] were fabricated, both of which integrated the merits of microporous PIMs and polyimides to achieve high gas permeabilities. However, the 2 improvement of gas permeability in these novel polyimides was always accompanied by a decrease in selectivity. Thus, novel structural elements allowing precise control of both the microcavity size and size distribution are highly desired to unite high gas permeabilities with high selectivities.
We recently reported the synthesis and characterization of a new series of polyimides prepared from pentiptycene-based diamines and 4,4'-hexafluoroisopropylidene bisphthalic dianhydride (6FDA) as gas separation membranes (Figure 1a) . [26] The novelty of this macromolecular design lies in incorporation of bulky, shape-persistent pentiptycene-derived structural units with intrinsic "internal microcavities" into polyimide backbone structures to exquisitely tune membrane's transport properties. In this previous report focusing on monomer/polymer synthesis and characterization, preliminary gas transport properties (i.e. permeabilities and selectivities) were examined to demonstrate the potential of these novel materials as gas separation membranes which actually showed very promising combinations of high gas permeability and selectivity close to the Robeson's upper bound. [26] However, the detailed microscopic chain packing structures, microporosity, free volume size distribution, chain rigidity, fundamental gas transport properties (i.e. diffusivity and solubility), as well as physical aging behavior, were not fully explored for these new materials. Therefore it is of great scientific importance to conduct comprehensive examination of these properties to provide an accurate picture of the gas transport pathway in these novel membranes and establish fundamental structure-property relationship as useful guidance for novel membrane materials design. In this study, we report the fundamental analysis of chain packing structures and free volume architecture (size and size distribution) of these newly-developed pentiptycene-containing polyimide membranes along with detailed analysis of gas transport properties in terms of diffusivity and solubility contribution. The aim of this work is to explore the molecular origins of fast and selective gas transport in these pentiptycene-containing polyimide membranes. A suite of characterization techniques coupled with molecular modeling are applied to provide profound understanding of fundamental correlation between microscopic structures and macroscopic gas transport properties and physical aging behavior of this new series of polymers. 
Experimental
Materials and film preparation
The synthesis of pentiptycene-containing polyimides was reported in our previous study, [26] Complete removal of the casting solvent was verified using thermal-gravimetric analysis (TGA, TA Instrument, Q-500). Film thickness (in the range of 40-80 µm) was measured using a digital micrometer, and the effective area of each film for permeation tests was determined by digitally analyzing the scanned images of the film obtained with a scanner (LiDE120, Canon) using ImageJ software. Long-term physical aging of the membranes was conducted by storing the films in sealed plastic dishes at ambient conditions for predetermined amount of days and the films were dried at 150 o C for 16 h before the pure gas 4 permeation tests.
Characterization methods
Wide angle X-ray diffraction (WAXD) spectra were recorded in the reflection mode at room temperature using a D8 Advance Davinci diffractometer with Cu Kα radiation (wavelength λ = 1.5418 Å) operated at 40 mA and 40 kV. The scan speed and step size were 7.5 second per step and 0.02 o per step, respectively. The d-spacing values were calculated from the diffraction peak maxima through Bragg's equation.
Positron annihilation lifetime spectroscopy (PALS) was performed under vacuum (1 × 10 -5 Torr) at room temperature using an EG&G Ortec fast-fast coincidence timing system to investigate the size and relative distribution of free volume elements within the polyimide films. Polymer films were cut into 1 × 1 cm pieces and stacked to a thickness of 2 mm on either side of the positron source (1.5 × 10 6 Bq of 22 NaCl sealed in a Mylar envelope). Each sample consisted five files of 4.5 × 10 6 integrated counts. The obtained raw data were analyzed using LT v9 software [27] using a source correction (1.609 ns and 4.002%) and modeled as the sum of four components. The first two components were attributed to the para-positronium self-annihilation and the free annihilation. The last two components were due to ortho-positronium (o-Ps) decay in the free volume elements of the films. The size of free volume elements was calculated using the Tao-Eldrup equation: [28, 29] 0 0
where τ is the lifetime, R is the radius of the pores and R 0 = R + ΔR is the radius of potential well, where ΔR was determined to be 1.66 Å based on the thickness of the electron layer within the potential well. The cavity size distributions were analyzed using PAScual software. [30] Pure V l dp dp P p TRA dt dt
where P (Barrer, , (dp/dt) ss and (dp/dt) leak are the steady-state pressure increment in downstream due to permeation and the leak rate of the system (cmHg/s), respectively. The ideal selectivity (α A/B ) of two different gases A and B was defined as the ratio of pure gas permeabilities of the two gases:
The apparent diffusion coefficients D (cm 2 ·s -1 ) were calculated from the time-lag method using the following equation:
Where l is the film thickness (cm) and θ is the lag time (s). The minimum limit of D was estimated for H 2 due to its very short lag time. The solubility coefficient (S, cm 3 (STP)/cm 3 ·atm) was calculated based on solution-diffusion model via: S = P / D.
Molecular modeling
Modeling of the imide bond dihedral angles was done in Accelrys Materials Studio. Chain segments of pentiptycene-containing polyimides with six repeating units were fabricated, and the imide bond dihedral angles ( Figure 1 ) were varied cumulatively from -180° to + 180° using the Conformer module. Energy minimizations of all conformers were implemented with the Discover module (COMPASS force filed, Smart algorithm), and the energy barrier profiles of the dihedral angles were calculated and normalized relative to the lowest energy attained over the 360° range. 6 Polymer chain packing is important for understanding gas transport in dense membranes because the inter-chain spacing, known as d-spacing, values are usually perceived to represent the distance between polymer segments, which has been shown to be closely related to fractional free volume (FFV) and consequent gas permeabilities. [18, 32] In addition, the disruption of chain packing by pentiptycene units can be confirmed by d-spacing values from X-ray diffraction results. WAXD patterns of the pentiptycene-containing polyimide films are shown in Figure 2 and the d-spacing values are listed in Table 1 with the inter-chain distance of some representative non-pentiptycene-containing polyimide membranes, [16, [33] [34] [35] e.g., polyimides derived from 6FDA (Table 1) , the d-spacing value of peak A is around 70% higher. The results verify that rigid, bulky pentiptycene units effectively disrupt chain packing leading to high inter-chain distances. This is further evidenced by the FFV data shown in Table 1 , in which pentiptycene-containing polyimides in general show higher fractional free volume than that of conventional non-pentiptycene-containing polyimides. Diffraction peak B can be assigned to the average inter-chain distance of non-pentiptycene segments, and the d-spacing values of this peak are comparable with the inter-chain distance of non-pentiptycene-containing polyimides. [16, [33] [34] [35] Additionally, π-π stacking interactions (peak C) were clearly observed in the substituted polyimides of 6FDA-PPDA(CF 3 ) and 6FDA-PPDA(CH 3 ) due to the presence of many arene rings in the backbone structures, while it was not obvious for 6FDA-PPDA(H).
Results and discussion
Molecular chain packing and free volume architecture characterization
The π-π stacking could be either inter-chain or intra-chain in nature and these attractive and potentially strong interactions may act as the physical cross-link points and increase the overall chain rigidity, which is believed to be essential for molecular sieving and thus gas selectivity.
[36] Since the overall free volume within the membrane is contributed from the inter-chain distances reflected in peak A and peak B, the overall mean inter-chain distance could be evaluated by qualitatively comparing the relative intensities of these two peaks. [24] As shown in Figure 2 , the WAXD patterns of the polyimide membranes are sensitively affected by the variations in the substituent groups of pentiptycene-diamine, i.e., CF 3 , CH 3 and H (i.e., non-substituted). For substituted pentiptycene-polyimides (i.e., 6FDA-PPDA(CF 3 ) and 6FDA-PPDA(CH 3 )), although they show comparable d-spacing values for all peaks, the relative intensity of the diffraction peaks varied from each other signifying the effect of substituent groups on inter-chain interactions and chain packing. Compared with 6FDA-PPDA(CF 3 ), 6FDA-PPDA(CH 3 ) has a noticeably lower intensity of peak B, suggesting a smaller mean inter-chain distance and thus lower overall fractional free volume (Table 1 ). This observation is possibly due to the "partial filling" mechanism, whereby the CH 3 substituent groups are small enough to easily occupy and (partially) fill the inter-chain voids, leading to the reduction in the mean inter-chain distance and fractional free volume. [13, 26] On the other hand, polymer chain segments in non-substituted 6FDA-PPDA(H) polyimide are likely to pack more efficiently due to the lack of substituent groups of pentiptycene diamine. Thus the contribution of inter-chain distance generated by the pentiptycene units (peak A) is less significant, resulting in a smaller overall mean inter-chain 8 distance and lower FFV (18.3%) than that of CF 3 -substituted polyimide (19.7%), as shown in (Table 1) . However, the reduction in overall free volume due to the partial filling effect in 6FDA-PPDA(CH 3 ) polyimide seems to counteract the contribution of substituted pentiptycene structure, leading to the lowest overall fractional free volume (17.9%) among three polyimides. and τ 4 , which have annihilation lifetime of ~ 1.2 and ~ 4 ns, respectively, were observed in the pentiptycene-containing polyimide membranes, suggesting bimodal microcavity size distribution in these membranes. PALS data for the pentiptycene-containing polyimide membranes are listed in Table 2 and the microcavity size distribution profiles are shown in large micropores, which could be ascribed to the pentiptycene units disrupting inter-chain distance (peak A of WAXD pattern), have much larger pore sizes when compared to the kinetic diameters of test gases (i.e., H 2 , CO 2 , O 2 , N 2 and CH 4 ), thus enabling fast gas transport in the membranes. On the other hand, the ultrafine microcavities could be assigned to the internal free volume or the partially occupied internal free volume between the benzene "blades" of the pentiptycene units, [13, 26] as well as the relatively tight chain packing (peak B of WAXD pattern). Since the size of the ultrafine microcavities is very comparable to the size of typical gas molecules, they are expected to act as molecular sieving sites facilitating selective transport. The sizes of both microcavity populations in pentiptycene-containing polyimides are smaller than those of the reportedly most permeable polymers, e.g., PTMSP
and PMP, which have extremely high gas permeabilities but very low gas selectivities. [39] This is because even the smaller cavities of PTMSP and PMP have average sizes of 5-6 Å (Table 2) , which are much larger than the kinetic diameters of common gas molecules. This comparison suggests that the ultrafine 3-4 Å micropores in pentiptycene-containing polyimide membranes in this study are expected to be more selective for gas separation while rendering excellent permeability. Additionally, the small cavities may act as the interconnections between the large cavities, constructing low-resistance pathways for fast transport.
[5] Microcavity size distribution plays an equally, if not more, important role as the actual cavity size in dictating the gas transport properties of the membranes, which could be finely 10 tailored by the substituent groups as well. As shown in Figure 3 , all pentiptycene polyimide membranes display bimodal size distribution of free volume featuring large microcavities of ~ 8.0 Å and small microcavities of ~ 3.5 Å. In particular, substitution with bulky CF 3 groups shifts the size of both categories of microcavities to higher values when compared to non-substituted counterpart, e.g., the average diameter of larger microcavities increased from 7.69 Å for 6FDA-PPDA(H) to 8.15 Å for 6FDA-PPDA(CF 3 ). However, substitution of CH 3 groups did not lead to noticeable increase in the size of larger microcavities, presumably due to our previously proposed "partial filling" mechanism, in which the CH 3 groups may reside in and occupy the internal microcavities of pentiptycene units, counteracting the effect of bulky substitution in disrupting chain packing. [15, 27] . The effect of substituent groups seems to be more pronounced in regulating the size of the smaller microcavities. As can be seen, 6FDA-PPDA(CH 3 ) has a big reduction in the size of the smaller microcavities due to the same effect of CH 3 partial filling. Comparisons of the full width at half maximum (FWHM) of the distribution peaks further corroborate the "partial filling" mechanism. As shown, 6FDA-PPDA(CF 3 ) and 6FDA-PPDA(H) have comparatively narrower cavity size distributions in both categories of peaks with respect to 6FDA-PPDA(CH 3 ). In particular, the FWHM of both peaks of 6FDA-PPDA(CH 3 ) is around twice those of 6FDA-PPDA(CF 3 ) and 6FDA-PPDA(H). Based on the "partial filling" mechanism, the relatively small CH 3 substituent groups likely occupy the internal microcavities of pentiptycene units; therefore, some of the microcavities are filled by CH 3 substituent groups and some of them are not, leading to the broadening of cavity size distribution and an overall reduction of the average cavity size in 6FDA-PPDA(CH 3 ). In the case of 6FDA-PPDA(CF 3 ), CF 3 groups are less likely to occupy the internal microcavities due to their bulkiness and act mainly as "spacers"
to increase inter-chain spacing as well as overall microcavity size. Therefore, no noticeable peak broadening occurs in 6FDA-PPDA(CF 3 ) as compared to non-substituted 6FDA-PPDA(H). The PALS analysis results regarding free volume size and size distribution are consistent with WAXD data and FFV results (Table 1) , in which the CF 3 -substituted polyimide has the highest average inter-chain distance and FFV while the CH 3 -substituted one has the smallest values due to microcavity filling effect. 
Geometric modeling on chain conformation and intra-chain rigidity
In glassy polymers like the ones in this study, free volume generally originates from: 1) inefficiencies in polymer chain/segment packing in the solid state, and 2) local molecular motion of polymer segments, which effectively opens transient gaps in the polymer matrix and allows penetrant molecules to diffuse through the polymer. In this regard, gas permeation properties of the polyimide membranes are strongly influenced by the conformational characteristics of their constituent backbone as well as chain rigidity because both determine the local chain dynamics. Polymer conformational structure and the first approximation of the differences in intra-chain rigidity were explored by molecular modeling. Generally, tortuous backbones, which is a typical feature of microporous polymer materials, were observed from the energy-minimized conformational structures (Figure 1b) , which is ascribed to the bulky and shape persistent pentiptycene units inhibiting free rotation of the single bonds. The effect of substitution on the torsional freedom of imide bond is presented in Figure 4 in the form of rotational energy, in which the energy barrier profile was obtained by rotating one repeat unit of the polyimides around the imide bond (highlighted in Figure 1a) 
Fundamental gas transport properties
Gas transport through dense polymeric membranes are usually described by the solution-diffusion model, in which the penetrant gases firstly dissolve into the high pressure surface of the membranes, diffuse through the film along the concentration gradient, and then 13 desorbs from the low pressure surface. [43] Based on the model, gas permeability can be written as a product of solubility coefficient and diffusivity coefficient: P D S = × . Since diffusivity coefficient (D) is closely related to the penetrant size and the free volume in the membrane, and solubility coefficient (S) is dependent on the condensability of the penetrant gases and the polymer-penetrant interactions, the analysis of respective contribution from thermodynamic solubility aspect and kinetic diffusivity aspect may provide profound understanding of micro-cavity architecture in the membranes as well as the interactions between penetrant gases and polymer membranes. Diffusivity coefficients were calculated using the time-lag method and solubility coefficients were determined based on solution-diffusion model. The results are listed in Table 3 as well as schematically shown in Figure 5 and Figure S1 in the supporting information to highlight the effect of substituent groups on diffusivity and solubility. For all three pentiptycene-containing polyimide membranes, the diffusivity coefficients generally reflects the order of kinetic diameter of penetrant gases, indicating a dominant role of diffusivity in gas transport ( Figure S1 ). The deviation of CO 2 diffusivity coefficient with kinetic diameter is possibly due to the interactions between the polar CO 2 molecules and the pentiptycene-containing polyimides.
As shown in Figure 5a , by dropping CO 2 data, the diffusivity coefficients of all other four gases correlate well with the squared kinetic diameter, confirming the dominant contribution of diffusivity towards gas transport in these pentiptycene-containing polyimides. A linear relationship between the logarithm of gas solubility as a function of penetrant critical temperature was observed in Figure 5b , revealing that the gas sorption in these 6FDA-PPDA membranes is mainly determined by the condensability of the test gases. [44] Additionally, all gases show very similar solubility coefficients regardless of polymer structure, which further confirms that gas transport is dominated by diffusivity in these pentiptycene-containing polyimides. Although CO 2 has an abnormally lower diffusivity coefficient compared to O 2 , CO 2 exhibits the highest solubility coefficient among the test gases. For example, O 2 diffusivity is about two times of CO 2 diffusivity in 6FDA-PPDA(CF 3 ) film, while CO 2 solubility is 6.5 times higher than that of O 2 (Table 3) , resulting in a faster permeation of CO 2 over O 2 in the membranes. A similar trend was observed in KAUST-PI polymers [10, 11, 23] and Tröger's base-PI polymers. [24] The effects of substituent groups on the microcavity architecture and gas transport properties are clearly revealed by gas diffusivity analysis since the solubility coefficients 15 show negligible difference for different polymers (Figure 5b ). As shown in Table 3 , the incorporation of bulky CF 3 substituent groups induces significant increase in diffusivity coefficients for all gases, e.g., 6FDA-PPDA(CF 3 ) exhibits a CO 2 diffusion coefficient that is almost two times of that of 6FDA-PPDA(H). Conversely, the introduction of smaller CH 3 substituent groups leads to lower diffusivity coefficients and consequent lower gas permeabilities than those of the non-substituted 6FDA-PPDA(H) polyimide. The observed trends in D and S changes as a function of substituent groups is consistent with the trend in gas permeability and confirm our previously proposed "partial filling" mechanism, [13, 26] in which the relatively small CH 3 groups can (partially) occupy the internal free volume in the membranes, resulting in decreased overall FFV and gas permeability. Table 3 , solubility selectivity and diffusivity coefficient contribute almost equally to the separation of the O 2 /N 2 gas pair; while for CO 2 /CH 4 gas pair, diffusivity selectivity plays a more significant role than solubility selectivity. Solubility selectivities for different substituted 16 polymers are very similar, while incorporation of bulky CF 3 reduced the diffusivity selectivities slightly. It is notable that the pentiptycene-containing polyimide membranes hold great promise for H 2 related gas separations, e.g., gas selectivities for H 2 /N 2 and H 2 /CH 4 gas pairs are as high as the most selective commercial polymers like Matrimid ® and cellulose acetate, but with much higher permeability. [1, 45] The highly selective hydrogen transport in these membranes can be ascribed to the presence of ultrafine micropores with a small cavity size of d 3 ~ 3.5 Å, which most likely originates from the internal free volume or the partially occupied internal free volume of pentiptycene units, as discussed previously.
Physical aging behavior
It has been found that high permeability polymers typically suffer a degradation in transport properties over time due to the phenomenon of physical aging, in which polymer segments relax and compact toward a more tightly packed thermodynamic equilibrium state, resulting in significant decrease of gas permeability, inter-chain distance, and fractional free volume, etc. [1] As this can affect their viability of industrial applications, the physical aging resistance of the pentiptycene-based polyimide membranes was evaluated. Pure gas permeabilities of pentiptycene-containing polyimide membranes, which were aged for 130 days for 6FDA-PPDA(CF 3 ) and 240 days for 6FDA-PPDA(CH 3 ) and 6FDA-PPDA(H) under ambient atmospheric conditions, were tested using the same testing conditions (3-17 atm feed pressure and 35 o C) as those applied to the fresh films. [26] The plots of pure gas permeability as a function of feed pressure for aged samples are shown in Figure S2 . The pure gas permeabilities of aged samples displayed the same independence on the feed pressure as that was observed in fresh films. Comparisons of pure gas permeabilities and ideal selectivities at 10 atm between aged and fresh films are illustrated in Figure 6 . In general, no obvious physical aging was observed for all three pentiptycene-containing polyimide films after they were aged for more than 130 days, i.e., pure gas permeabilities of CO 2 , N 2 and CH 4 of aged samples are equal to or slightly lower than those of the fresh ones. The slight increase of H 2 permeabilities in aged 6FDA-PPDA(CF 3 ) and 6FDA-PPDA(CH 3 ) films might originate from local relaxation and rearrangement of chain segments, whereby very small microcavities (likely ~ 3 Å) are likely generated facilitating H 2 transport. Accordingly, the ideal selectivities of aged samples remain almost unchanged from fresh samples. The excellent resistance against physical aging of pentiptycene-containing polyimides in this study may be ascribed to the relatively "stable" free volume architecture in these membranes. As described before, the main driving force for physical aging is the departure of polymer's specific volume from its equilibrium value. [1, 49] However, a marked fraction of the free volume in pentiptycene-containing polyimide membranes comes from the internal free volume defined by the molecular configuration of pentiptycene structure. Different from conventional free volume induced by conformational characteristics in non-pentiptycene-containing polymers, these configuration-induced free volumes are intrinsic in nature, which are less likely susceptible to compaction due to polymer segments relaxation.
Additionally, the relatively flexible ether bonds in the polymer backbones might contribute to polymer segment relaxation and packing during the film formation, and result in a relatively close-to-equilibrated state in the fresh films. As a result, the driving force (the difference between specific volume and equilibrium volume) for physical aging is much less in these pentiptycene-polyimides as compared with other microporous polymers like PIMs. The weak physical aging effect was also verified by WAXD spectra analysis, in which aged films 18 exhibit almost the same diffraction patterns and d-spacing values for 6FDA-PPDA(CF 3 ) and 6FDA-PPDA(CH 3 ) as those of corresponding fresh films, as shown in Figure S3 and tabulated in Table S1 . Only minor changes were observed for the aged 6FDA-PPDA(H) film with an increase of 5.6% in d-spacing value for peak A and a decrease of 3.2% for peak B.
Additionally, as shown in Table S1 , the aged films showed almost the same FFV values as those of fresh films. Both WAXD and FFV measurements suggest that aging process affected only at local sites, which most likely changed the connectivity of microcavities and/or induced local redistribution of free volume elements. Diffusivity and solubility coefficients were also calculated for aged 6FDA-PPDA films (Table S2) , which show very comparable D
and S values compared to fresh films, further signifying stable micro-cavity architecture in these membranes wherein only local chain relaxation occurs and there are no coordinated large scale chain rearrangement events.
The permeability-selectivity tradeoff for H 2 /N 2 and H 2 /CH 4 gas pairs of both fresh and aged pentiptycene-containing polyimides are plotted in Figure 7 to evaluate their H 2 -related gas separation performance by comparing with some commercial polymers and previously reported 6FDA-based polyimides. [6, 7] Compared with commercial gas separation materials, e.g., Matrimid ® polyimide, poly(2,6-dimethylphenylene oxide) (PPO) and cellulose acetate (CA-2.45), pentiptycene-containing polyimides exhibit dramatic improvements in H 2 /N 2 and H 2 /CH 4 permeability-selectivity tradeoff, due to bimodal size distribution of free volume featured in these membranes whereby large-size microcavities allow high permeability and small-size ones enable precise size sieving. In addition, aged 6FDA-PPDA membranes outperform slightly fresh polyimides with both higher H 2 permeability and better H 2 -related selectivities, revealing that local chain relaxation during physical aging induces enhancement of size sieving properties for hydrogen-related gas pairs. When compared to previously reported 6FDA-based polyimides (e.g., 6FDA-DAM and 6FDA-durene), [46] pentiptycene-based polyimides exhibit relatively lower gas permeabilities (also shown in Table 3 ) although they have comparable FFV. This is possibly due to the relatively flexible ether linkages on the backbones of these pentiptycene-polyimides, whose local rotational motions might block some of the connectivity between microcavities. However, pentiptycene-based polyimides exhibit much higher hydrogen-related gas selectivities, which 19 can be beneficial when high purity product is desired. 
Conclusions
The research reported herein provides a critical understanding of the fundamental relationship between polymer structures and gas transport properties in the newly reported pentiptycene-containing polyimide membranes. The incorporation of rigid H-shaped pentiptycene units into the polyimide backbone efficiently disrupts chain packing as evidenced by WAXD, resulting in large inter-chain spacing and consequently large fractional free volume. PALS analysis confirmed microporous nature of this series of polyimide membranes and revealed bimodal size distribution of free volume in these polymers, which is responsible for their excellent H 2 -related separation performance. The size and bimodal size distribution are sensitively affected by substitution on pentiptycene units. The incorporation of bulky CF 3 substituent groups led to increased cavity size with no change in size distribution when compared to non-substituted one; while CH 3 -substituted 6FDA-PPDA(CH 3 ) showed reduced cavity sizes and a much broadened size distribution due to the "partial filling" effect. Simulation results demonstrated that pentiptycene-containing polyimides propagate through space in tortuous chain conformations, and the increased rotation energy of the imide 20 bond due to introduction of CF 3 groups resulted in a more rigid and contorted backbone structure than the other two polymers. Owing to the pentiptycene-induced microporosity, pure gas permeabilities of the membranes were significantly higher compared to commercial gas separation polymers, and size sieving contribution (i.e., diffusivity) played a dominant role, making them very promising for H 2 -related gas purification. These pentiptycene-containing polyimide membranes showed excellent physical aging resistance due to "stable" configuration-induced free volume architecture created by shape-persistent pentiptycene units. The local chain relaxation during physical aging refined free volume architecture leading to improved H 2 -related separation performance in aged films.
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